[1] We report on Cluster observations of a thin current sheet interval under the presence of a strong jB Y j during a fast earthward flow interval between 1655 UT and 1703 UT on 17 August 2003. The strong jB Y j in the tail could be associated with a strong IMF jB Y j, but the large fluctuations in B Y , not seen in the IMF, suggest that a varying reconnection rate causes a varying transport of B Y -dominated magnetic flux and/or a change in B Y due to the Hall-current system. During the encounter of the high-speed flow, an intense current layer was observed around 1655:53 UT with a peak current density of 182 nA/m 2 , the largest current density observed by the Cluster four-spacecraft magnetic field measurement in the magnetotail. The half width of this current layer was estimated to be $290 km, which was comparable to the ion-inertia length. Its unique signature is that the strong current is mainly field-aligned current flowing close to the center of the plasma sheet. The event was associated with parallel heating of electrons with asymmetries, which suggests that electrons moving along the field lines can contribute to a strong dawn-to-dusk current when the magnetotail current sheet becomes sufficiently thin and active in a strong guide field case.
Introduction
[2] Thin current sheets play a central role in magnetotail dynamics. Instabilities and energy conversion processes taking place in thin current sheets can affect the large-scale magnetospheric energy and flux transport as well as configuration changes of the magnetotail. Magnetic reconnection is one of the key process taking place in a thin current sheet. It converts magnetic field energy into particle and bulk flow energy and it can affect the large-scale dynamics of the Earth's magnetotail. When the current sheet becomes comparable to the ion inertia length, ions become unmagnetized, whereas electrons still convect toward the center of the current sheet when they are crossing the ion diffusion region. These relative differences between ion and electron motion cause a Hall current, whose importance in collisionless magnetic reconnection physics was first discussed by [Sonnerup, 1979] .
[3] A number of studies provided observational evidence of the Hall effect in the magnetotail reconnection region. These signatures include quadrupole magnetic field disturbance due to the Hall current system [Nagai et al., 2001 [Nagai et al., , 2003 Runov et al., 2003; Asano et al., 2004; Wygant et al., 2005; Borg et al., 2005; Alexeev et al., 2005] , strong equatorward electric fields [Wygant et al., 2005; Borg et al., 2005; Eastwood et al., 2007] , decoupled motion of ions and electrons identified in the distribution function [Nagai et al., , 2001 [Nagai et al., , 2003 Asano et al., 2004] and current density distribution Henderson et al., 2006] , and estimation of the density of the field-aligned current closing the Hall current using electron moments [Nagai et al., 2003; Asano et al., 2004; Alexeev et al., 2005] .
[4] This large number of papers showed that reconnection in the magnetotail can usually be described in a 2-D magnetic field geometry, in contrast to magnetopause reconnection, where the shear component can be significant. Yet, several recent observations reported the existence of a finite guide field also in magnetotail reconnection events. Oieroset et al. [2001] reported a crossing of an ion diffusion region near an X-line, in which they identified a guide field with a magnitude of 50% of the total field and concluded that the Hall quadrupole field pattern was not significantly affected by the guide field. Cattell et al. [2005] , on the other hand, reported that Cluster observations of electron hole signatures during a magnetotail reconnection event were well reproduced by a simulation if a guide field, with 20% of the main field, were added, suggesting that the modification to 3-D reconnection geometry is important to explain their observations also in the magnetotail. Nakamura et al.
[2006] identified a tilted current sheet within the reconnection current sheet, where a guide field can effectively play a role in the Hall-current system.
[5] In this paper, we report on an active thin current sheet observation where large B Y was detected, reaching values up to 80% of the lobe field, together with a fast Earthward flow between 1655 and 1703 UT on 17 August 2003. Of particular interest is the intense current-sheet structure around 1655:53 UT observed during the encounter of the plasma sheet flows, when the largest current density was observed by Cluster four spacecraft measurement in the magnetotail with the spacecraft separation of $220 km. On the basis of multipoint observations, we infer the dynamics of the overall current sheet simultaneously with those of local small-scale structures. We examine detailed profiles of the current density using data taken from rapid crossings of the current structure.
Event Overview
[6] Thin current-sheet interval discussed in this study took place during a substorm interval starting from 1636 UT on 17 August 2003, before the main phase of a moderate storm (minimum Dst = -148 nT, main phase starts from 2000 UT), when the magnetail was compressed after the arrival of the shock (SI was observed at 1423 UT). Prolonged southward IMF was starting from about 1530 UT as observed by Geotail in the magnetosheath (X = À5, Y = 22, Z = À7 R E ) and is consistent with the shifted profile of the ACE spacecraft in the upstream solar wind (not shown). The enhanced IMF is accompanied by a large negative B Y . A Pi2 onset was observed at Mineyama (MYA) at 1636 UT, at 1659 UT, and at 1704 UT (Courtesy of Kyoto University). The negative excursion of the AL index was exceeding À500 nT, indicating a strong substorm took place (not shown). Figure 1 shows the location of Cluster at 1700 UT on 17 August 2003 in the X-Y plane (Figure 1a) , the X-Z plane (Figure 1c) , and the Y-Z plane (Figure 1c ) in geomagnetic solar magnetospheric (GSM) coordinates. Unless noted otherwise, we use GSM for the following discussions. Cluster was located at X = À16, Y = À5, Z = 3 R E with a tetrahedron scale of about 220 km. Cluster locations relative to the reference spacecraft (C3) shown in Figures 1d-1f indicate that C4 (C1) was the southernmost (northernmost) spacecraft, whereas C2 was the farthest duskward spacecraft and C3 was farthest tailward spacecraft.
[7] There was a tailward fast flow event observed between 1633 UT and 1652 UT and an earthward fast flow event between 1655 UT and 1703 UT, with a lobe encounter between these two flow interval between 1652 UT and 1655 UT. Cluster crossed the neutral sheet several times during these periods. That Cluster encountered a diffusion region of an active X-line during these fast flow intervals was reported by Henderson et al. [2006] during the tailward flow and by Asano et al. [2008] for the earthward flow. Henderson et al. [2006] studied two current sheet crossings between 1638 and 1643 UT during the tailward flow interval and showed consistent field and particle signature of the Hall-effect on the tailward side of an X-line and also succeeded to calculated the divergence of the electron pressure, which was directed opposite to the Hall-term as expected in the diffusion region.
[8] Figure 2 shows an overview of the Cluster observation between 1654 UT and 1704 UT, covering the entire earthward flow interval for this event. Shown in the figure are data from the fluxgate magnetometer (FGM) experiment [Balogh et al., 2001] , from the Composition and Distribution Function Analyser (CODIF) of the Cluster ion spectrometry (CIS) experiment [Rème et al., 2001] , and from the High Energy Electron Analyser (HEEA) sensor of the Plasma Electron and Current Experiment (PEACE) [ Johnstone et al., 1997] . Cluster started to observe earthward flow when entering the plasma sheet from the lobe around 1655 UT. The energy spectra shows that enhanced high-energy electrons and ions are associated with the encounter of the fast flows. Asano et al. [2008] reported flat-top distribution in the electrons, which have been known to be a typical signature of the reconnection region [e.g., Shinohara et al., 1998 ] at the beginning of the Electron and proton energy spectra, X, Y, Z components of the magnetic field, and proton flow from C4, curl B obtained from the four spacecraft applying the curlometer method. Here 4-s resolution data are shown for the particle data, whereas 0.1 s resolution is used for the magnetic field data from Cluster. Geotail 3-s resolution data are also shown in the B Y plot. In the curl B plot and the flow plot, X,Y, and Z components are shown with black, red, and green lines, respectively. The orange vertical line shows the intense current event discussed in detail in the following section. earthward fast flow between 1654:30 and 1655:30 UT when Cluster reentered the boundary of the plasma sheet from the lobe region. The flat-top distribution was accompanied by an electron beam, which can produce earthward current, consistent with the observed j x from the curlometer method (indicated in Figure 2 ) and is expected to flow toward the X-line as a closure of the Hall-current [e.g., Nagai et al., 1998; Treumann et al., 2006] . These electron and magnetic field signatures at the beginning of the earthward flow interval showed that the satellite was at the outer edge of the ion diffusion region earthward of an X-line [Asano et al., 2008] . Since the tailward flow and earthward flow intervals took place associated with two different Pi2 events, it is more likely that the flow reversal corresponds to different X-line activations than a simple tailward motion of a single X-line. With some fluctuations, the flow interval continues until about 1703 UT, while Cluster approached the center of the tail current sheet (small B X region) several times but stayed most of the time in the southern plasma sheet. Current density obtained from curlometer recorded large values exceeding 40 nA/ m 2 several times, which is more than 10 times larger than the nominal values in the magnetotail current sheet, suggesting that the tail current sheet (plasma sheet) was relatively thin throughout this time interval.
[9] Enhanced B Z and enhanced negative B Y was observed during the earthward flow. As described before, the event took place when the IMF B Y was strongly negative, a polarity consistent with that in the tail. B Y in the tail, however, is much more fluctuating compared to that outside the magnetosphere as can be seen in the Geotail data from the magnetosheath in the B Y plot in Figure 2 (plotted with a thin red line). Another factor which can be related to the B Y disturbance is the effect from the Hall-current in the ion diffusion region as well as due to its closure current outside. In this case, a certain pattern of B Y relative to B X is expected. Henderson et al. [2006] reported indication of a quadrupolar B Y during the current sheet sheet crossings in the previous tailward flow. Figure 3 shows the scatter plot of V X versus B X , B Y , B Z and the relationship between B X and B Y using 4-s data from C4 between 1655 UT and 1703 UT covering the entire time interval of the earthward flow. There is no systematic B Y variation observed relative to B X in this long timescale range unlike the individual crossings during the tailward flow period. B Y rather stays strongly negative even near the equator as well as the northern hemisphere, lacking any of the quadrupolar B Y signature.
[10] It can be seen that among the three components of the magnetic field the best correlation is found between ÀB Y and V X in both hemispheres. The correlation coefficient is not particularly high, as can be expected from a number of points with low velocity and high field values. As will be shown in an example in the next section, these points include also from rapid current sheet crossings with a timescale less than the spin period, 4 s, in a thin current sheet, where the moment calculation is contaminated by time aliasing due to a mixture of different populations. Yet, it can be seen that when the ion flow velocity was high (say 700 km/s), it corresponds to intervals with significantly negative B Y (<À10 nT) regardless of the hemisphere. The close relationship between B Y and V X suggests that B Y during this interval plays also the role B Z has in the case of a 2-D geometry.
[11] The largest B Y period took place around 1655:30 and 1656:30 UT, exceeding the value inside the magnetosheath and about 80% of the lobe value. There is a rapid crossing of the current layer with an extreme current density of Figure 4 . Proton energy spectra and velocity from C4, current density obtained from curlometer, B X , B Y , and B Z from the four spacecraft, and E X , E Y , and E Z obtained from EFW measurement (dashed thin lines for E X plot and crosses for E Y and E Z plots) and ÀV Â B field at C4 (thick blue line) between 1655 UT and 1657 UT. X, Y, and Z components are presented with black, red, and green in the velocity and current density plot. The blue trace below the three j traces is the magnitude of div B. The four spacecraft traces in the magnetic field and electric field plots are presented with black (C1), red (C2), green (C3), and blue (C4). The black arrows in the top panel show the spin period from which the proton distribution function is presented in Figure 5 . 182 nA/m 2 at 1655:53 UT, as indicated with an orange line in Figure 2 . In the following we examine in more detail the plasma and field characteristics of this active current sheet event with large B Y .
Observation of a Strong Dawn-to-Dusk Current
[12] Figure 4 shows the field and ion characteristics between 1655 and 1657 UT. As shown in the scatterplots in Figure 2 , the earthward flow is enhanced at around 1655:20, 1656:00, and 1656:50 UT in association with negative excursion in B Y . Yet, the magnetic field disturbance contained finer structures compared to the timescale of the ion sampling, such as the rapid crossing around 1655:53 UT. The bottom three panels show the ÀV Â B electric field obtained from the ion moment from C4 (solid lines) and the 4 s averaged values of the electric field data from the Electric Field and Wave (EFW) instrument [Gustafsson et al., 2001] (dashed thin lines in the X-component plot and crosses in the Y, Z component plots). The axial component (close to GSE Z component) of the electric field is obtained based on the assumption of E ÁB = 0. Here GSM Y and Z components are plotted only when the angle between the spin-plane and magnetic field exceeds 15 degrees. Although the absence of a parallel electric field may not be particularly justified in this region, as will be discussed later, it is interesting to note that around 1655:30 UT, just before the large current density was observed, there are points where the Z component of the electric field values from both measurement agrees quite well. This agreement suggests that there is a dominant ion component that drifts perpendicular to the magnetic field due to the northward electric field.
[13] Figure 5 shows the ion distribution function at selected times, indicated by the arrows in the top panel of Figure 4 . The 1655:24.817 UT plot shows two different ion populations: a high-speed earthward and duskward streaming component antiparallel to the field and a lower-energy component drifting perpendicular to the field. A similar separation between the high-energy parallel flow component and low-energy drift component can be seen in the 1655:48.654 UT plots. Note that for this spin, the Z component of the electric field obtained from the plasma drift was shown to be consistent with the northward component of the EFW field (Figure 4 ). The 1655:52.626 UT plot, on the other hand, is from a rapid current sheet crossing interval in which the B X component was changing significantly during one spin and therefore the ion measurement suffers from aliasing and mixture of highspeed streaming and drifting component can be seen. The 1655:56.599 UT plot from the following interval was obtained just after the rapid crossing and from closer to the Figure 4 . The top panels show the distributions in the V X -V Y plane and the middle panels in the V X -V Z plane in GSE coordinates, whereas the bottom panel shows the distributions in the magnetic fieldaligned V perp1 -V par plane. V perp1 is the direction of convection in a ÀV Â B field.
center of the magnetotail current sheet compared to the region before the crossing. Here a clear high-speed earthward flow component can be seen, which is flowing mainly perpendicular to the magnetic field (mainly B Y in this case). These observations therefore indicate that the large northward electric field inferred from the ion moment and the magnetic field (ÀV Â B field) can be real also in the region where only the cold plasma component seems to fulfill the frozen-in condition, as long as the hot component is clearly streaming along the field line. Such northward electric field have been predicted to be dominated in the outflow region between the separatrices in a reconnection simulation with a guide field [Pritchett and Coroniti, 2004] .
[14] Note that in guide field reconnection, a large parallel electric field was seen in a simulation [Pritchett and Coroniti, 2004] and, hence, one may wonder why the obtained E Z based on the assumption, E ÁB = 0, matches the value that was obtained from the drift motion of the ions. The good agreement implies that the temporal/spatial scale of the parallel electric field could be most likely smaller than the spacecraft spin. This is consistent with the predicted signatures of the parallel electric field in reconnection simulations with a guide field [Pritchett and Coroniti, 2004] , where small-scale and short timescale (more than a factor smaller than the spin period of Cluster) fluctuations of parallel electric fields were shown in contrast to the large-scale profile of E Z . We therefore think that as long as the spin-averaged data points are concerned, the estimation of the axial component (close to E Z ) seems to give a reasonable value to explain the ion fluid behavior.
[15] Figure 6 shows EFW, FGM, and PEACE data between 1655:50 and 1655:58 UT, when the rapid change in B X , corresponding to the enhanced local current density, took place. Note that the change in the sign of B X (crossing The spatial distribution of the spacecraft potential, which is a good indicator of the density, for the four spacecraft, using the spatial relationship between the magnetic field and the location obtained to plot Figure 7o . The different types of the phase space distribution, presented in the symbols, triangles and diamonds, in the upper figures, are also plotted in Figure 7m to indicate the corresponding B X values (representing the location) and time. The crosses in Figure 7m are for cases where energy coverage was incomplete to identify such pattern. In Figure 7p the data points corresponding to the the 0°beam (Figure 7a ) and the flat-top distribution (Figures 7c  and 7d) were marked with red filled triangles and red filled diamonds, respectively. the center of the current sheet) started from C1 followed by C3, C2, and C4, as expected from the order of the B X value. B Z showed some enhancement toward the neutral sheet with an amplitude less than 40% compared to the change in B X , while the change in B Y was even smaller (<20%) during the entire crossing. The curlometer result shows that the main direction of the current is dawn-to-dusk. These signature shows that the event can be regarded as a crossing of a planar current layer with respect to the four Cluster spacecraft separation. From the timing analysis using the four spacecraft it was obtained that the normal direction of the current layer was tilted in the X-Z plane with an angle of $25°toward ÀZ direction. The main direction of the current, which was dawn-to-dusk, was antiparallel to the field. Around 1655:53.4 UT, when C1 almost finishing the crossing of the current layer and B X $ 0, the southernmost spacecraft C4 was still at the edge of the current layer indicating that a major part of the current sheet was covered with the Cluster separation, i.e., $220 km. The ion density between 1655:40 and 1656:30 UT was $0.5/cc, which gives a proton inertia length of $325 km. This current layer has therefore a scale comparable to the ion scale.
[16] The bottom four plots show the electron pitch angle spectra of the PEACE 3DX data obtained from the two sensors (HEEA and LEEA) for the energy range between 0.5 keV and 1.5 keV from C2 and C4. Each color bar expresses the coverage of the pitch angle for the time interval of the sweep(s) when these data were taken. The blank part in these panels either represents times in which no sweep data were taken or pitch angles which the sensors did not cover. The temporal resolution of sweep data are 118 ms for HEEA and 58 ms for LEEA, respectively. Detailed description of the high resolution PEACE data products can be found in the work of Szita et al. [2001] . We selected the 0.5-1.5 keV energy range, since both sensors are covering this energy and since it falls into the energy of the beams observed in previous reconnection studies [e.g., Nagai et al., 1998 Nagai et al., , 2001 Asano et al., 2006] . During a one-spin period (4 s), the spacecraft may traverse quite a large portion of the current sheet, or regions with different magnetic field orientation. Therefore, these sweep data provide indispensable snapshots of a part of the distribution function, particulary to follow the anisotropy changes during the current-layer traversals. Yet, one should note that from one-sweep data we cannot check whether the electrons were gyrotropic and we assume that the observed changes are real electron distribution changes rather than an artifact of the gyrophase of the sampled electrons. Furthermore, the one-sweep data gives only a cut of the distribution function and therefore quantitative comparison cannot be made with this high-resolution product. Nonetheless, since our main interest lies in the comparison between the pattern of the distribution function parallel/antiparallel to the fields and the profile in the magnetic field, we think that we can still obtain valid information on electron dynamics from the sweep data. Combining the data from HEEA and LEEA sensors which are looking direction with 180°differences, there are several sequences during each spin period, when the data are available along the field direction so that anisotropy information can be obtained. Such sequences for C4 are indicated with black bars at the bottom of Figure 6 . Here continuous data from the two sensors were available for C2 and C4, while continuous data from C1 and C3 were restricted for HEEA sensors (not shown).
[17] Figures 7a -7l show the slices of the one-sweep data in parallel (0°), antiparallel (180°), and perpendicular (90°) direction for selected sequences during the intense current sheet intervals observed by C2 (Figures 7a -7f ) and C4 (Figures 7g-7l ) from LEEA and HEEA sensors. We used different symbols to represent the different types of the distribution (triangle: beam; large diamond: parallel heating with a shoulder structure (flat-top) at energies larger than 1 keV; intermediate diamond: parallel anisotropy but not as clear as flat-top case; crosses: cases with poor coverage in energy), whereas the color represent the dominant direction in parallel or antiparallel direction (red: 0°anisotropy; green; 180°anisotropy; black: no preference). The different types of all the sweep data, when parallel/antiparallel direction was obtained, are marked with these symbols on the B X plot in Figure 7m . This plot provides therefore spatial (inferred from B X value) and temporal changes of different types of distribution within the thin current layer. Before the crossing between 1655:51.4 and 1655:51.7 UT a clear 0°-beam of about 2-keV was detected by C2. Figure 7a shows the beam distribution from 1655:51.7 UT. It then changed to a distribution with both parallel components having a flattop and shoulder-like decrease starting from about 2 keV from 1655.51.8 UT. Such an accelerated beam was reported as being responsible for the outward field-aligned current closing the Hall-current near the X-line [e.g., Nagai et al., 1998 ]. There were no 0°-beams or strong field-aligned heating (flat-top distribution), however, observed by C4, which encountered a region with similar B X between 1655:52.1 UT and 1655:52.7 UT (two examples are shown in Figure 7g and Figure 7h ), when the current density started to intensify. This indicates that such field-aligned beams at the outer edge of the plasma sheet (Figure 7a ) are not particulary relevant to this observed strong enhancement in the current density covering more the center of the plasma sheet. It is also consistent with the fact that the maximum current density was observed inside the current layer at B X $ À10 nT. The distribution in these region was obtained by C2 (Figures 7c and 7d) between 1655:53.2 and 1655:53.4 UT, which showed flat-top type distribution in the parallel direction, but preferentially in 0°. The distribution shows features that stronger acceleration is taking place along 0°(dawnward) than along 180°(duskward), although the energy range of the LEEA sensor does not allow to obtain the high-energy shoulder of this distribution. C4 then also observed the parallel heating with flat-top like distribution at region between B X = À15 and À20 nT (Figures 7i  and 7j ). There was no clear anisotropy between 0°or 180°a s shown in Figure 7i although there was one sequence at which the 180°portion slightly exceeded 0°in the energy range where the flat-top type distribution was observed (Figure 7j ). Later, when the current density was decreasing, C2 observed some parallel heating and again a flat-top part suggesting a dominance in 180°heating. These predominance in 180°produces an opposite sense of the anisotropy expected from the current density from the curlometer, indicating that either this energy range is not responsible for the observed dawn-to-dusk current or the responsible part of the electrons should be located south of C2. The shoulder in the parallel heating disappeared for the following C4 observations (such as in Figures 7k ). Yet, a strong 180°anisotropy was detected at 1655:56.2 UT (Figures 7i) . Interestingly, the current density turned the sign and started to flow in the dusk-to-dawn direction during this interval, consistent with the strong 180°anisotropy, resulting dawnto-dusk flow in the electrons. The reversal of j Y suggests that these strong currents may close locally near the center of the magnetotail current sheet.
[18] Figure 7o shows the current-sheet profile reconstructed using four-point magnetic field measurements during the fast crossing between 1655:52 and 1552:56. The method of reconstruction is based on the linear gradient estimation [Chanteur and Harvey, 1998 ]. As discussed before this event can be regarded as a rapid passage of a spatial structure within the Cluster spatial scale and within the crossing time scale. Then integration of the translation velocity projected onto the local currentsheet normal gives an estimate for the vertical scale Z [see Runov et al., 2005] . In the plot we used as a translation velocity U Z = @B X /@t/@B X /@Z during the crossing, using the major gradient direction. The half thickness of the current structure, defined here as jB X /B L j = 0.76, B L is the lobe field, similar to the Harris current sheet width estimation, was inferred to be 290 km for the southern part of the current layer. As expected from the large difference in B X between the southernmost and northernmost spacecraft, C1 and C4, this value is comparable to the spacecraft separation and to the ion scale.
[19] Using the obtained relationship between the B X and Z described above, we plotted the profile of the spacecraft potential for the four spacecraft in Figure 7p . The spacecraft potential profile provides the most detailed information on the relative density change during this rapid current sheet crossing. The data points, where the 0°beam (red triangles, distribution corresponding to Figure 7a ) and the flat-top distribution with a 0°anisotropy (red diamond, distribution corresponding to Figures 7c and 7d) were observed by C2, are also marked in the figure. The density profile, judged from the spacecraft potential, has a general trend to increase toward the center of the current layer. The 0°beam seems to be located in a low density region outside the current layer, which could be the density cavity region predicted by particle-in-cell simulations [cf. Pritchett and Coroniti, 2004; Cattell et al., 2005] . The location of the flat top distribution with 0°anisotropy, on the other hand, corresponds more to the peak region of the current layer. The spacecraft potential profile of C1 in Figure 7p shows some density drop during its crossing, which crossing took place earliest among the four spacecraft measurements. This profile may indicate a density cavity, but there are no electron slice-data covering field-aligned components available where a corresponding distribution could be compared. The different profiles among the spacecraft could be due to temporal changes and/or due to spatial structures of the current layer along X. Although we did not obtain a fully static density profile from the four spacecraft, we can at least confirm that the strong current layer seems to be centered equatorward of the low-density region (cavity) and associated with parallel heating of the electrons, whereas an inward beam was identified in the low-density region just outside of this current layer.
Discussion
[20] One of the unique signatures of the observed active thin current sheet interval between 1655 and 1703 UT on 17 August 2003 is the strong variation in the B Y field. As shown in Figure 2 , there is a strong IMF B Y observed during this interval. The most natural cause of the B Y is therefore a penetration of the IMF B Y . Global effects on the magnetotail due to B Y have been identified in previous studies [e.g., Fairfield, 1979; Cowley, 1981] . It was concluded that about 10% of the IMF B Y is expected to be observed in the plasma sheet based on a statistical study [Fairfield, 1979] . This number was confirmed also from theoretical arguments [Cowley, 1981] .
[21] Although the IMF B Y is relatively steady, the variation of the observed B Y in the tail is much more variable, indicating that internal processes are causing the variation. One of the causes of the B Y variation in a thin current sheet is the Hall effect in the ion diffusion region of an X-line, in which a quadrupolar B Y is produced. Yet, this component is only about 40% of the lobe field [Shay et al., 1999] in the case of non-guide field reconnection, while B Y up to 80% of the lobe field was observed in this event. In the guide field reconnection case B Y was predicted to enhance over the entire region inside the separatrices up to 30% in the guide field direction in a simulation by Pritchett and Coroniti [2004] . Hence the -B Y excursion in both hemispheres is consistent with such a scenario. Yet, the variation in B Y is larger than the simulation result, suggesting that it cannot be only due to the spatial variation of the Hall-effect even when guide field reconnection is considered. It is interesting to note that the variation in earthward fast flow is more correlated with that of B Y than B Z as in the usual magnetotail situation of earthward flow with a simple 2-D X-line. Since the presence of a stronger guide field rather works to reduce the reconnection rate in the 3-D reconnection case [e.g., Pritchett and Coroniti, 2004] , and thereby less acceleration of ions can be expected, this B Y variation does not reflect the guide field variation itself. A more plausible explanation is that the B Y variation shows the results of the reconnected flux (of the original field with B Y component) transported by the V X and the changes in the reconnection rate may cause the pileup of B Y as is the case for B Z in the normal situation [Baumjohann, 2002] . Yet, the above simulation of guide field reconnection considers a stronger guide field (1-5 times of the lobe field for cases in which reconnection rate decreases), compared to the observed B Y field in this study, which has smaller value (varying 0.25 -0.8 of the lobe field), and therefore one may need caution for direct comparison.
[22] Hesse et al. [1996] presented a model for a distant tail flux rope, which explains strong B Y (stronger than the lobe field) due to collapse of a plasmoid by draining hot plasma out into the low-latitude boundary layer/magnetosheath, even though the plasmoid is initially created with a very small guide field (3% of the lobe field). Although such large-scale evolution could be difficult to apply directly to the earthward side of the reconnection region, it may be plausible that the newly accelerated hot plasma jetting from the reconnection region and the ambient colder plasma sheet may similarly interact to enhance the core field of a flux rope. The observed earthward flow, however, is mainly associated with positive B Z and therefore lacking the fluxrope signatures as shown in Figures 2 and 3 . There was a short interval around 1655 UT with negative B Z , just before the crossing of the current layer. Yet, the plasma as well as the current signatures during the positive and negative B Z show significant asymmetry and thereby make it difficult to interpret the structure as a collapsed flux rope.
[23] An intense current was observed to flow along the strong B Y near the center of the current sheet during the encounter of the high-speed flow. These values are exceeding the usual magnetotail current density values more than 40 times and its thickness was confirmed with multipoint observations to be of the order of the ion scale. The most likely carrier of the current in this region are the electrons. In fact, Figure 7 showed that parallel heating of the electrons occurred, showing flat-top type distributions (although we could not confirm the low-energy part of the anisotropy with this short timescale). At least near the time of maximum current density, during the quick change in B X , a strong antiparallel component was observed in the temporal profile. This suggests that these parallel electrons can take part in the dawn-to-dusk fieldaligned current. Interestingly, opposite asymmetry and signature of dusk-to-dawn current was also observed in the next sequence, suggesting that these intense current may possibly be closing locally.
[24] It has been suggested based on the electron signature from the preceding tailward flow event as well as the electron distribution near the lobe-plasma sheet boundary preceding this crossing, that the event was associated with encounter of X line(s) [Henderson et al., 2006; Asano et al., 2008] . Yet, since we have not detected a flow reversal simultaneously with the B Z reversal in the center of the plasma sheet, which would be a clear observation of X-line encounter, we have no direct evidence that the observed current sheet and the fast flow signatures should be fully governed by a nearby X-line. Thus the observed intense current layer could be, for example, also associated with high-speed bursty bulk flow [Angelopoulos et al., 1992] interacting with the ambient field and plasma. In the following we will try to interpret the observations of the strong current layer with two different possible scenarios by comparing with the relevant models.
[25] If we interpret the observation in the frame of an X line located tailward of the spacecraft, the electron beam observed before the strong current layer encounter could be interpreted as an inward beam toward the X-line, since the observation was predominantly in the southern hemisphere. It should be, however, noted that we see a very strong guide field and therefore the signature is expected to be more relevant to the 3-D reconnection case. If we compare the observed signatures with those predicted by the simulation of reconnection under the presence of a guide field, the polarity of the field-aligned currents and the electric fields resemble those predicted by the simulation [Pritchett and Coroniti, 2004] . Also, the widely enhanced B Y over the entire current sheet, different from the quadrupolar B Y pattern, is consistent with these simulations. Yet, while the observed strong j Y was observed in the southern hemisphere near the center of the plasma sheet, j Y was predicted to be stronger in the northern hemisphere in the simulation when the reconnection system is established [Hesse et al., 2004; Pritchett and Coroniti, 2004] . These simulations predict that strong j Y in the northern hemisphere is associated with the electrons jetting out from the X-line along the guide field, whereas the j Y in the southern hemisphere is smaller and a density cavity is produced associated with the inward beam [Hesse et al., 2004; Pritchett and Coroniti, 2004] . In our observation, inward beam in a less dense region is detected in the southern hemisphere similar to the simulation, but we also observed the intense current layer, equatorward of the beam region, still in the southern hemisphere and associated with electron heating. This seems to be inconsistent with the prediction from the simulation results of the reconnection current sheet when the reconnection is established or could be suggesting that the spacecraft was in the vicinity of X-line. Interestingly, the simulation by Hesse et al. [2004] predicts that during the evolution of the reconnection system, the configuration of the current sheet can have opposite inclination, i.e., the same inclination as in this study, at least temporarily. In summary, we can not fully confirm or disprove the predicted asymmetry in the simulation of the guide field reconnection because the satellite did not cross any significant portion of the plasma sheet in the northern hemisphere. What we can imply is that j Y seemed to be quite strong also in the southern hemisphere and near the center of the tail current sheet most likely because of the existence of the heated electrons moving along the dusk-to-dawn magnetic field, which does not seem to require the formation of a density cavity.
[26] Another possible interpretation is that the fast flowing plasma jets such as bursty bulk flows (BBF) or reconnection outflows interacts with the ambient plasmas and creates a thin current layer off the equator. The results of the guide field reconnection simulation by Pritchett and Coroniti [2004] and Hesse et al. [2004] showed an enhanced bifurcated current sheets where the fast ion flow is established, at about 4 -5 times the ion inertial length, away from the reconnection region. Since we have no clear evidence on the absence of the current layer at the northern hemisphere, it may be possible to assume that the observed current layer in the southern hemisphere has a counter part in the northern hemisphere. Yet, there is no particular acceleration or heating of the electrons predicted in this region, unlike in the vicinity of the X-line, and therefore another mechanism is needed to understand the observed electron heating. Nakamura et al. [2002] showed that the plasma jet interacts with the ambient plasma by piling up the magnetic flux and modifying its own structure through interchange instability. Electron acceleration in the pile-up region was shown in the simulation study by Hoshino et al. [2001] . Yet, both of these studies are for a normal magnetotail condition, i.e., without a strong guide field, and it is unknown whether these results are applicable also for the strong guide field case. For example, the role of the widely distributed E Z is not taken into account in such models. Effect of a guide field on the plasma jet from a localized reconnection region have been studied by Shirataka et al. [2006] using MHD simulation, which obtained negative B Z at the head of the BBF. This is consistent with the short interval of negative Bz observed before the crossing of the current layer. Yet, the spatial scales considered for the plasma jet studies discussed above are usually several ion inertial length or more. Although the interaction between the plasma jet and ambient plasma might be the cause for the observed strong current layer and the electron heating, there are few theoretical studies dealing similar condition to be compared with our observations.
Conclusion
[27] Using four-spacecraft observations from Cluster with a tetrahedron scale of $220 km, we examined the current sheet characteristics during a fast earthward flow interval with strong B Y , where an intense current sheet was detected associated with the earthward flows. The main conclusions obtained in this study are as follows.
[28] 1. The fast ion flows are related to the strong B Y more than B Z , indicating that during this interval B Y is important in the larger-scale transport of the flux, such as pileup of the B Y .
[29] 2. A strong dawn-to-dusk current layer was observed near the center of the tail current sheet, which has a spatial scale comparable to the ion skin depth, c/w pi . This strong current is most likely maintained by the electrons streaming along the dusk-to-dawn magnetic field.
[30] 3. One mechanism to create such thin current layer with fast ion flows and electron heating would be the reconnection under the presence of a guide field. While the electric field and B Y pattern and field-aligned current polarity are as expected from the theoretical prediction, the strong current layer observed in this study was at the opposite hemisphere as predicted for the strong electron current layer in the simulation.
[31] 4. Another plausible mechanism would be that the observed current layer is created as a result of plasma jets interacting with the ambient plasma. Yet it is unknown how the electrons are heated, nor do we know about the effect of the guide field on the thin boundary structure around the plasma jets.
[32] Our observations show that the presence of this guide field has significant effects in the magnetotail both on largescale configuration changes and for the dynamics of the thin current sheet.
